Energy input is never quite balanced with energy requirements. When energy availability is plentiful, animals use mechanisms that store energy for future use. When caloric demands are higher than the energy immediately available, there are trade-offs between various energy demands to reduce total energy requirements (Wade and Schneider, 1992; Wade et al., 1996) (Fig. 1) . The most common strategy to cope with urgent energy demands is to curtail activities that are not essential to immediate survival, such as locomotor activity, reproduction or growth. During the winter, for example, many small mammals and birds inhibit breeding and growth, and allocate energy into thermogenesis or cellular maintenance. As energy shortages become more severe, survival may become compromised because processes such as immune function and thermogenesis are impaired. Mechanisms have evolved that allow individuals to anticipate poor environmental conditions in order to inhibit reproduction or growth by monitoring a variety of extrinsic factors such as daylength (photoperiod), caloric intake, food quality or water availability.
Energy input is never quite balanced with energy requirements. When energy availability is plentiful, animals use mechanisms that store energy for future use. When caloric demands are higher than the energy immediately available, there are trade-offs between various energy demands to reduce total energy requirements (Wade and Schneider, 1992; Wade et al., 1996) (Fig. 1) . The most common strategy to cope with urgent energy demands is to curtail activities that are not essential to immediate survival, such as locomotor activity, reproduction or growth. During the winter, for example, many small mammals and birds inhibit breeding and growth, and allocate energy into thermogenesis or cellular maintenance. As energy shortages become more severe, survival may become compromised because processes such as immune function and thermogenesis are impaired. Mechanisms have evolved that allow individuals to anticipate poor environmental conditions in order to inhibit reproduction or growth by monitoring a variety of extrinsic factors such as daylength (photoperiod), caloric intake, food quality or water availability.
One important extrinsic factor that can have marked effects on energy partitioning, but is often neglected, is the social milieu. For example, exposure to social interactions can shunt energy into reproductive activity despite the presence of inhibitory daylengths (for example, Whitsett and Lawton, 1982) . In some species, such as Aztec mice (Peromyscus aztecus), social stimuli can have more pronounced effects on reproduction than optimal photoperiods or ad libitum food and water availability (Demas and Nelson, 1998a) (Fig. 2) . Suppression of reproduction during the winter permits energy to be used for thermogenesis, or if winter conditions are mild, energy may be used to enhance immune function or growth (Demas and Nelson, 1996) . Thus, the extrinsic factors that affect reproduction also affect immune function, both directly and indirectly because of changes in sex steroids, glucocorticoids, prolactin, melatonin or other hormone concentrations. Several studies have demonstrated that photoperiod, caloric intake and ambient temperature can have marked effects on immune function (Demas and Nelson, 1996; Demas et al., 1997a,b) . More recently, studies have indicated that social factors can have marked effects on immune function, both directly and through their effects on reproductive function (Karp et al., 1993; Klein et al., 1997; Klein and Nelson, 1999a) . The aim of this paper is to review the interaction of social factors, immune function and reproductive activities.
The immune system is commonly considered a specialized system of cells in the thymus, bone marrow, spleen, lymph, blood and diffuse lymphatic tissues. The primary function of the immune system is to recognize and destroy foreign substances in the body. The mammalian reproductive system consists primarily of the hypothalamic-pituitary-gonadal (HPG) axis that functions to bring gametes together for fertilization and to support gestation, parturition and lactation. These two systems are most commonly treated as parallel independent systems. However, it is apparent that the immune system is linked to reproductive processes on several different levels. For example, in many mammals and birds, immunity is often compromised during the breeding season, and compromised immune function is a common feature of pregnancy and lactation, even among mammals that breed throughout the year. From an energetic perspective, these observations indicate that optimal immune function and reproduction may be incompatible. The precise energetic demands associated with overcoming infection and maintaining reproductive condition are currently unknown. However, Demas et al. (1997a) reported that oxygen consumption was increased in animals exposed to an innocuous antigen compared with animals injected with saline, implying that mounting an immune response (even in the absence of infection) requires substantial energy and may use resources that otherwise could be allocated to reproduction. There is also biochemical communication between the reproductive and immune systems (Fig. 3) . Hormones traditionally considered to be 'reproductive' hormones modulate immune function, and cytokines and other chemical regulators of the immune system are intimately involved in reproductive processes such as ovulation and hypothalamic hormone secretion (Kalra and Kalra, 1996; Ober and van der Ven, 1997; Priddy, 1997) . Another important link between these two systems occurs via the behavioural aspects of reproduction, such as courtship and mate selection. Steroid-dependent secondary sex characteristics are important criteria for mate selection in several species. It has been hypothesized that females use secondary sex characteristics to assess the immune function of potential mates (Hamilton and Zuk, 1982; Zuk, 1990; Able, 1996) . Therefore, it is becoming increasingly apparent that the reproductive and immune systems interact and function together.
In this review, the immune function and reproduction of seasonally breeding species are evaluated as they relate to social interactions. It is proposed that individuals maintain the highest degree of immune function that is energetically possible within the constraints of other survival needs, as well as growth and reproduction, in habitats in which energy requirements and availability often fluctuate. The observation that immune function is generally compromised during specific energetically demanding times, such as winter, breeding (including pregnancy and lactation), migration or moulting, is consistent with the hypothesis that immune function is energetically optimized (Zuk, 1990; John, 1994; Nelson and Demas, 1996) . It is hypothesized that environmental and social factors modulate energy allocation to reproduction and immune function and that hormonal mechanisms underlie the partitioning of energy to various physiological components.
Influence of social factors on reproduction
Non-tropical rodents display many distinct adaptations to cope with the challenge of survival during the winter (Moffatt et al., 1993; Bronson and Heideman, 1994) . For example, social organization often changes from a highly territorial structure during the breeding season to a highly social structure during the Demas and Nelson, 1998a.) winter. Communal group formation in the winter is often an attempt to reap the thermoregulatory benefits (for example, warmth and humidity conservation) of huddling (Ancel et al., 1997; Getz and McGuire, 1997) . Animals that form communal nests with unrelated mixed-sex conspecifics during the winter (for example, meadow voles (Microtus pennsylvanicus), prairie voles (M. ochrogaster) and flying squirrels (Glaucomys volans)) typically cease reproductive activities and then disperse after reproductive recrudescence (Madison et al., 1984; Layne and Raymond, 1994; Getz and McGuire, 1997) .
Odour preference is an important component of seasonally changing social interactions among small rodents. For many species, chemosensory cues are used to assess the quality of potential mates and facilitate reproductive condition (for example oestrous behaviour) (Richmond and Stehn, 1969; Egid and Brown, 1989; Potts et al., 1991) . The extent to which odour preference varies seasonally has been studied extensively in the context of reproduction. However, seasonal variation in odour preference in relation to infection (or immunological) status has not been examined in detail. Female meadow voles (M. pennsylvanicus) prefer the scent of conspecific males to that of conspecific females during the breeding season; conversely, during the non-breeding season (that is, winter) female meadow voles prefer the scent of conspecific females to that of conspecific males (Ferkin and Seamon, 1987) . Changes in daylength are sufficient to cause the seasonal variation in odour preference of wild-caught female meadow voles, indicating that photoperiod is the primary cue mediating differential social interactions during the breeding and nonbreeding seasons in this species (Ferkin and Zucker, 1991) . Seasonal and photoperiodic changes in social behaviours and odour preference in meadow voles are mediated by seasonal changes in circulating sex steroid hormones, that is, preference for opposite sex, conspecific odours during the breeding season is mediated by high androgen concentrations in males and high oestrogen concentrations in females (Ferkin and Zucker, 1991; Ferkin and Gorman, 1992) . Seasonal variation in circulating sex steroid hormones may also underlie changes in immune function observed between the breeding and non-breeding seasons (Nelson et al., 1995; Nelson and Demas, 1996 ; but see Demas and Nelson, 1998b) .
The relationship between chemosensory cues and infection status during the breeding season has been examined. Klein et al. (1999) reported that female meadow voles housed in long photoperiods (that is, 16 h light) were able to distinguish between the odours of parasitized and unparasitized males, and preferred the odours of unparasitized, conspecific males (Fig. 4) . Female odour preference for unparasitized versus parasitized males during the non-breeding season (that is, short photoperiods) remains to be investigated. However, these findings indicate that chemosensory cues associated with infection are important criteria in reproductive behaviour or, more Rivest, 1993.) specifically, mate preference. Additional research is required to identify specific physiological links between immune and reproductive functions. Because sex steroid hormones affect chemosensory cues and, hence, odour preference behaviour, changes in sex steroids after infection may be a likely mediator of the effects of infection on odour preference in voles.
Social interactions, reproduction and immune function

Stress of breeding
Exposure to stressors evokes increased glucocorticoid secretion, adrenal hypertrophy and thymic involution; therefore, stressors may inhibit some aspects of immune function (Selye, 1956 ). Exposure to stressors may require stored energy to be allocated to other physiological or behavioural processes, thereby reducing the amount of energy that can be used for optimizing immune function. In males, there are several stressors associated with the breeding season, including energetically expensive courtship displays and exhaustive aggressive encounters with rivals over territories, potential mates or other resources. The development and maintenance of some morphological structures used to attract females are often energetically incompatible with maximal disease resistance (Zuk et al., 1990; Nelson and Demas, 1996) . For example, experimental induction of parasite infection in male red jungle fowl (Gallus gallus) reduces the expression of secondary sex traits (for example, combs and hackle feathers) used to attract mates (Zuk et al., 1990) . Traits that are not associated with reproduction (for example, bill size and saddle feathers) are not affected by the intensity of the infection (Zuk et al., 1990) .
It has been hypothesized that, in male reindeer (Rangifer t. tarandus), the stress of the rutting season increases glucocorticoid concentrations and reduces immunological resistance to nematode infestation (Folstad et al., 1989) . The stress of the mating season appears to be related to increased morbidity and mortality rates in the small marsupial, the brown antechinus (Antechinus stuartii, Macleay). In wild populations of brown antechinus, males are involved in intense aggressive encounters with other males, and participate in prolonged mating bouts of approximately 6-12 h over several successive nights during the breeding season (Woolley, 1966) . Physiologically, these males experience a marked decrease in plasma corticosteroid binding globulin (CBG) and an increase in plasma free corticosteroids during the mating season, which are generally followed by involution of lymphoid organs, reduced humoral immunity, infestation of parasites and death (Bradley et al., 1980) . Females are also exposed to stressors associated with the breeding season, including mate selection, pregnancy and lactation. Accordingly, females, like males, experience reduced immunological functioning during the breeding season (FestaBianchet, 1989) . Cell-mediated immune responses are reduced and susceptibility to parasite infection is increased during pregnancy in humans and other animals (Priddy, 1997). The prevailing hypothesis to explain compromised immune function during pregnancy is the necessity to protect the genetically incompatible fetus from rejection by the maternal immune system. Alternatively, because pregnancy is energetically costly to females (Bronson, 1989) , immune function may be suppressed during pregnancy in an effort to maintain a positive energy balance. Lactation is also energetically costly for females (Fairbairn, 1977; Bronson, 1989) and may also be incompatible with maximal disease resistance. Accordingly, lactating bighorn ewes have increased parasitic infection in faecal samples compared with non-lactating females (Festa-Bianchet, 1989) . However, during early lactation, compromised immune function is not correlated with serum indices of metabolic status in cows (Ropstad et al., 1989) . Further studies are required to elucidate the energetic costs of breeding and immune function to determine whether these physiological systems are incompatible in other species. Additional studies are also needed to assess the precise metabolic demands of individual reproductive activities to determine their costliness. However, since, in general, reproduction is energetically demanding (Bronson, 1989) , it is hypothesized that this results in reduced immune function and increased susceptibility to infection during the breeding season.
Mate choice
In males, high testosterone concentrations enhance competition and aggressiveness, while also reducing both cellmediated and humoral immune responses (Zuk, 1990; Møller, 1994; Wingfield, 1994) . Therefore, there is a trade-off in the et al., 1999.) evolution of high testosterone concentrations. High testosterone concentrations are beneficial to males because mating success may increase; however, increased mating success may be achieved at the cost of reduced survival. Low circulating testosterone concentrations may increase survival at the cost of reducing successful competition for mates. In essence, males with high testosterone concentrations that do not have compromised immunity are at a selective advantage to potential mates (Folstad and Karter, 1992; Wedekind and Folstad, 1994) . The evolutionary problem for males is that they must advertise this selective advantage. Males may use the maintenance of secondary sex characters that are androgen dependent (for example, antlers, body size or tail feathers) to advertise exceptional immune function (Folstad and Karter, 1992) . Initially, it was hypothesized that males possessing these traits informed potential mates that they were able to maintain androgendependent traits, despite the cost of high circulating testosterone concentrations on immune function (Folstad and Karter, 1992) . Alternatively, high-quality males may use androgendependent traits to advertise possession of sufficient resources to allocate to both superior immune function and secondary sex traits (Wedekind and Folstad, 1994) .
To date, very few studies have been conducted to test these hypotheses empirically. For example, adult male barn swallows (Hirundo rustica) with experimentally elongated tail feathers have lower immune responses against sheep red blood cells, indicating that tail length imposes an immunological cost on males (Saino and Møller, 1996) . From an energetic perspective, metabolic resources, as opposed to hormone concentrations, may be the rate-limiting factor mediating the relationship between the expression of secondary sex characters and immunocompetence (Sheldon and Verhulst, 1996) . Thus, using energy for elaborate displays or growth of epigamic characters during the breeding season may limit resources needed for maximizing immune function. Presumably, if individuals that partition more metabolic resources into traits that are important for reproduction participate in more matings, then selection against heightened immune function during the breeding season would persist.
In terms of the evolutionary significance of these testosteronedependent traits (that is, male ornamentation and suppressed immune function), Hamilton and Zuk (1982) proposed that secondary sex characters signal male quality, suggesting that these ornaments are an indicator of general fitness or disease resistance. Therefore, because there is a genetic component to disease resistance, by mating with a male that advertises 'good genes' for disease resistance, a female may gain a heritable advantage for her offspring (Hamilton and Zuk, 1982) . Alternatively, females may use the condition of secondary sex traits to gain a direct fitness advantage, that is, to avoid mating with males that carry potentially contagious diseases (Møller, 1994; Kirkpatrick, 1996) . In either case, selection should favour characteristics that allow females to judge the present and past parasite load as well as the underlying immunocompetence of a male (Read, 1997; Klein and Nelson, 1999b; Klein et al., 1999) . Thus, visual, auditory or chemical cues may function as signals of disease resistance, and female choice may serve to detect such signals to distinguish healthy males with which to mate (Zuk et al., 1990; Kavaliers and Colwell, 1995; Penn and Potts, 1998; Klein et al., 1999) .
The extent to which female preference for healthy males represents an indirect preference for more robust immune responses underlying disease resistance remains unexplored. In addition, the degree to which male immunocompetence affects female choice in relation to mating system has not been reported. In a recent study, female preference for saline-injected males or males that were exposed in vivo to lipopolysaccharide (LPS) was examined in monogamous prairie voles (M. ochrogaster) and polygynous meadow voles (M. pennsylvanicus). LPS is the immunologically active component of the cell walls of gram negative bacteria such as Escherichia coli. Exposure to LPS results in an acute inflammatory response characterized by the activation of immune cells and the release of cytokines into circulation. The increased release of cytokines, especially interleukin 1β (IL-1β), results in a series of immune and endocrine responses that mimic bacterial infection. When male voles are exposed to LPS, they exhibit reduced testosterone and increased corticosterone and IL-1β concentrations, indicating that LPS activates the endocrine and immune systems of Microtus species (Klein and Nelson, 1999b) . In addition, when female prairie voles are given the option to spend time alone or with LPS-or saline-injected males, they spend significantly less time with LPS-than with saline-injected males (Klein and Nelson, 1999b) (Fig. 5a) . Conversely, female meadow voles spend an equivalent amount of time with both groups of male meadow voles (Klein and Nelson, 1999b) (Fig. 5a ). These findings indicate that females can detect subtle changes in immunocompetence. However, the precise cues used by female voles to assess immune status remain to be determined.
Studies of parasitized and unparasitized male voles indicate that female voles use odour cues to distinguish healthy from immunocompromised males (Klein et al., 1999) (Fig. 4) . In addition to odour cues, female rodents may use changes in behaviour to discern the immune status of males. Infected animals, or even animals injected with LPS, typically show changes in behaviour, such as lethargy, reduced food and water intake, hypersomnia, reduced activity, and decreased interest in social contact (Hart, 1988; Kent et al., 1992) . Thus, during partner preference tests, the amount of time males spent in social contact with conspecific females was monitored to determine whether LPS-injected males showed behaviour that could be used by females to differentiate immune status. In this study, both LPS-injected male prairie and meadow voles showed less social contact with female conspecifics than did saline-injected males, indicating that behavioural cues may be used by females to discern the infection status of males (Klein and Nelson, 1999b) (Fig. 5b) . However, only female prairie voles spent less time with LPS-injected conspecific males, implying that monogamous females may attend to behavioural cues associated with infection more than females of polygynous vole species (Klein and Nelson, 1999b) . Future studies are required to examine the extent to which cues associated with immunocompetence vary seasonally (see Ferkin and Seamon, 1987) . Presumably, the use of behavioural cues associated with infection should be increased during the breeding season compared with the non-breeding season.
Sickness behaviours
Infected animals often show a range of adaptive behavioural defences that aid in recovery from, and survival against, parasites. These behaviours have been collectively termed 'sickness behaviours' and include depression, lethargy, reduced food and water intake, and reduced interest in social, parental and sexual interactions (Hart, 1988 (Hart, , 1997 . Sickness behaviours may appear maladaptive because they limit social contact and potentially reduce opportunities for reproductive success. However, animals that successfully overcome infection by sickness behaviours may achieve greater lifetime reproductive success than individuals that do not show these restorative behaviours and thus succumb to infection and die. Natural selection should favour those individuals that show these restorative behaviours. From an energetic perspective, an infected animal may not have sufficient resources to allocate to activities such as reproduction. Thus, behavioural defences against infection may assist an animal to regain its strength, overcome infection, survive and reproduce.
The adaptive value of sickness behaviours falls into two categories: those that function to destroy the pathogen and those that function to restore host defences. Behaviours such as reduced food and water intake are hypothesized to create a suboptimal milieu for pathogen proliferation and survival within a host. In contrast, behaviours such as sleep may serve to restore host metabolic resources and increase the probability of surviving infection (Hart, 1988) . Avoidance of social interactions may also serve to restore homeostasis in infected animals because reduced social or sexual activity may allow more resources to be allocated to immune function. Studies examining the effects of infection on social interactions typically mimic infection by using purified IL-1β or LPS. These studies are able to separate the behavioural modifications that are mediated by the host from those that may be mediated by the pathogen. These studies indicate that 'pseudoinfection' with either IL-1β (± SEM) percentage of time saline-and LPS-injected male voles spent in social contact (that is, side by side, anogenital investigations or grooming) with conspecific females during a 3 h preference test. Both male prairie voles and male meadow voles injected with LPS spent less time in social contact with conspecific females than did saline-injected male counterparts. Asterisks represent statistically different treatment group means from control group means (P < 0.05). (Adapted from Klein and Nelson, 1999b.) or LPS reduces sexual behaviour in rodents. When given a choice between an intact or a castrated partner, healthy female mice (Mus musculus) prefer to mate with intact rather than with castrated males. This preference is adaptive because it increases female reproductive success. Administration of IL-1β or LPS to female mice eliminates preference for intact compared with castrated male mice (Yirmiya et al., 1995) . Reproduction is costly for females in terms of gestation, lactation and maternal behaviour. An infected female may not have sufficient resources to allocate to reproductive behaviours. Thus, infected females may avoid contact with sexually active males. Although behaviours associated with reproduction are costly for males (see above), males of most mammalian species typically do not show parental behaviour after copulation. Therefore, their commitment to reproduction may be reduced compared with that of females. Consequently, exposure to IL-1β or LPS has no effect on partner preference behaviour of male mice; both healthy and 'pseudoinfected' males prefer gonadally intact females (Yirmiya et al., 1995) . These observations indicate that reproduction may be more costly for females than for males and, as a result, females may be less capable than males of supporting the competing demands of reproduction and immune function.
Laboratory mice (Mus musculus) are polygynous and males do not contribute to the rearing of offspring. Typically, commitment to partner selection does not extend beyond copulation for males of polygynous species. In contrast, socially monogamous species develop a partner preference to form a lasting pair bond. In prairie voles, partner preference develops after a few hours in either sexual or non-sexual cohabitation with an opposite sex conspecific (DeVries et al., 1995 (DeVries et al., , 1996 . Several studies have demonstrated that reproductive behaviour in prairie voles is influenced by intrinsic variables, such as hormones, and extrinsic variables, such as social factors (DeVries et al., 1995) . Because 'pseudoinfection' with LPS alters hormones that are important for the expression and maintenance of partner preference behaviour, it was hypothesized that LPS influenced partner preference behaviour. In addition, because monogamous males and females show parental behaviour, LPS was hypothesized to affect the partner preference behaviour of both sexes. LPS significantly enhanced partner preference behaviour in female, but not male, prairie voles (Bilbo et al., in press) (Fig. 6) . Specifically, after 6 h cohabitation, when given an option to spend time with familiar or unfamiliar males, LPSinjected females spent more time with familiar than unfamiliar males. In contrast, neither LPS-nor saline-injected males showed a preference for either unfamiliar or familiar females during partner preference tests (Bilbo et al., in press ). These results indicate that female prairie voles may pair bond more quickly during infection to increase reproductive success and gain the advantages incurred through paternal assistance in raising young. Current hypotheses indicate that infection with parasites may make biparental care more necessary (Read, 1991) . However, additional studies are required to determine the extent to which facilitation of pair bonding as a sickness behaviour is an adaptive host response to an increased need for paternal contribution. Thus, these findings illustrate the complex interactions among social behaviour, reproduction and immune function.
Mediators of immune and reproductive function
The endocrine system mediates the relationship between reproduction and immune function (Nelson and Demas, 1996) . Environmental factors, such as daylength, temperature, food availability, and social interactions, can have pronounced effects on the endocrine system which can, in turn, alter reproductive behaviours and immune function. The effects of extrinsic factors on immune function and reproduction are mediated by circulating hormones. In particular, steroid hormones, including testosterone, oestradiol and corticosterone, are considered to be the interface between immune and reproductive function in mammals (Grossman, 1985; Billingham, 1986) . Seasonal changes in steroid hormone concentrations can have either direct effects on the immune system (that is, via steroid hormone receptors on immune cells) or indirect effects via behaviours that either increase contact with pathogens or increase susceptibility to infection.
Sex steroid hormones
Androgen concentrations change seasonally. Generally, androgen concentrations are higher during the breeding than et al., in press.) during the non-breeding season, and these seasonal changes are modulated by changes in daylength. Social factors, such as exposure to receptive females, can also affect androgen concentrations (Whitsett and Lawton, 1982) . Androgens are important for the development and maintenance of reproductive function, ranging from copulation to the condition of secondary sex traits. In addition to supporting reproduction in males, androgens can affect the immune system. Specifically, testosterone has suppressive effects on the immune system (Alexander and Stimson, 1988; Olsen and Kovacs, 1996) . Typically, gonadectomized male rodents display immune responses that are similar to those of conspecific females (that is, increased responses compared with intact males). For example, gonadectomized male rodents have increased antibody production, increased immunological intolerance to skin grafts, and heavier lymphoid organs (for example, thymus, spleen and lymph nodes) than gonad-intact males (Grossman, 1985; Schuurs and Verheul, 1990) . Testosterone also influences the course of infection and subsequent disease states. Gonadectomized male mice mount higher immune responses and show greater resistance to protozoan infections compared with gonad-intact male mice (Eidinger and Garrett 1972; Kittas and Henry 1979) . Similarly, in response to Angiostrongylus malaysiensis infection, gonadectomized male rats (Rattus norvegicus) have a smaller number of worms, a greater number of circulating leucocytes, and a greater thymic mass than gonadectomized males injected with testosterone propionate (Kamis et al., 1992) . Infection of Indian soft-furred rats (Millardia meltada) with the parasite Nippostrongylus brasiliensis results in a higher worm burden in intact males compared with female or castrated male rats (Tiuria et al., 1994) . Intact male reindeer (Rangifer t. tarandus) show a higher incidence of warble fly (Hypoderma tarandi) infestation than either female or castrated male reindeer (Folstad et al., 1989) . The increased infection of intact male reindeer may be due to high testosterone concentrations compromising immune responses, the stress (and subsequent adrenal activation) of the rutting season reducing immune function, or a combination of these proximate factors (Folstad et al., 1989) . Thus, physiological mechanisms in addition to circulating testosterone concentrations may affect immune function. Oestrogens also modulate both reproduction and immune function. Reproductively, oestrogens are important for the development of secondary sex characters, the formation of the corpus luteum, and the expression of copulatory and maternal behaviours. In terms of immunity, oestrogens typically increase both cell-mediated and humoral immune responses; however, there are reports of suppression of some cell-mediated immune responses by oestrogens. For example, injection of rats with oestradiol increases antibody production to antigenic challenge in vivo (Alexander and Stimson, 1988) . Similarly, exogenous treatment of human lymphocytes, isolated from both males and females, with oestradiol increases mitogenic stimulation of immunoglobulin synthesis by B cells in vitro (Paavonen et al., 1981) . Conversely, the same oestrogen treatment can suppress proliferation of human lymphocytes in response to T-cell mitogens in both males and females (Alexander and Stimson, 1988) . Oestrogen treatment can also facilitate cutaneous wound healing in female rodents. For example, ovariectomized female rats have slower wound healing and increased scarring compared with intact females (Ashcroft et al., 1997) . The effect of gonadectomy can be reversed by topical application of oestradiol to the wound (Ashcroft et al., 1997) . Oestrogens can also alter the course of parasite infection. For example, female mice infected with Paracoccidiodes brasiliensis during pro-oestrus (that is, when oestrogen concentrations are presumed to be high) are less susceptible to infection than either males or females infected during other stages of the oestrous cycle (Sano et al., 1992) .
Glucocorticoids
Glucocorticoids are important mediators of intermediary metabolism and evoke increased protein catabolism, as well as increased hepatic glycogenesis and gluconeogenesis. Glucocorticoids act to counter insulin in the peripheral tissues, and provide permissive effects for glucagon and the catecholamines to stimulate their calorigenic effects (Ganong, 1995) . Glucocorticoids also maintain vascular reactivity and water metabolism. During a stress response, glucocorticoids are secreted to stimulate energy availability for coping with the stressor. For example, during prolonged stress (or glucocorticoid treatment), endogenous glucocorticoids are secreted within minutes and affect metabolic pathways to ensure that adequate energy is available to the individual to cope with the increased need for metabolic fuels. During a stress response, the need for metabolic fuel is acute, large and unpredictable (Sapolsky, 1992 (Sapolsky, , 1998 . Glucocorticoids have the following effects during a stress response, they (i) increase the immediate availability of energy; (ii) increase oxygen uptake; (iii) decrease blood flow to areas not required for movement; (iv) inhibit digestion; (v) inhibit growth; (vi) enhance memory; (vii) inhibit pain perception; and (viii) inhibit reproductive function. In addition to these effects, glucocorticoids, in particular corticosterone (or cortisol in primates), can influence immune function. High circulating corticosterone concentrations suppress innate (that is, natural killer cell (NK) activity), cell-mediated (that is, cytokine production) and humoral (that is, antibody production) immune responses in laboratory rats and mice (Khansari et al., 1990) . Furthermore, adrenalectomy increases lymphoid tissue mass and B-cell activity in mice (Del Rey et al., 1984) . Laboratory studies in rodents have demonstrated that basal corticosterone concentrations are higher in females and increase more rapidly in females than in males after exposure to stressors (Kitay, 1961; Critchlow et al., 1963) . Males and females often differ in the amount of stress they experience and the type of stressors they encounter, especially during the breeding season. Thus, differential exposure to stressors and subsequent changes in glucocorticoids may influence allocation of resources to immune function (Zuk and McKean, 1996) .
In addition to the known immunosuppressive effects of stress and subsequent adrenal activation, exposure to some stressors increases immune function and this may promote survival (Dhabhar et al., 1995; Dhabhar and McEwen, 1996) . For example, exposure to restraint stress increases both corticosterone concentrations and delayed-type hypersensitivity responses in male rats (Dhabhar and McEwen, 1996) . In addition, migration of lymphocytes from the circulation into immune organs, such as the spleen and lymph nodes, is increased in male rats exposed to restraint stress; adrenalectomy reduces this redistribution of lymphocytes (Dhabhar et al., 1995) . These findings indicate that acute stressors can increase immune responsiveness, which may be adaptive for overcoming infection and increasing survival. However, the extent to which these findings apply to wound healing and disease resistance in natural populations of animals has not been examined.
Prolactin
In common with sex steroid hormones, prolactin has wellknown effects on reproduction, ranging from promoting lactation and corpus luteum function in females to influencing paternal behaviour in males (Neill and Nagy, 1994) . There is some controversy regarding the effects of prolactin on immune function, although the general contention is that physiological concentrations of prolactin enhance immune responses (Bernton et al., 1991) . For example, Matera et al. (1992) reported that prolactin induced lymphocyte proliferation, increased cytotoxic responses of lymphocytes (that is, NK cells), and increased phagocytosis by macrophages. Hypophysectomy results in compromised cellular and humoral immunity; prolactin replacement therapy can restore immune function (Reber, 1993) . Exposure to short daylength reduces circulating prolactin concentrations, and low concentrations of prolactin can compromise both cellular and humoral immunity (reviewed in Nelson and Demas, 1996) . Prolactin concentrations are lower during short compared with long days, and low prolactin concentrations suppress immune function and reproduction. Therefore, the direct effects of prolactin may be secondary to the effects of increased melatonin secretion in reducing prolactin concentrations during short daylength.
Melatonin
Melatonin is secreted by the pineal gland and is involved in the seasonal organization of breeding. Pineal melatonin also modulates the immune system (Maestroni et al., 1986) . Melatonin increases both cellular and humoral immune function. For example, antigen presentation and cytokine production by macrophages is enhanced by melatonin (Pioli et al., 1993) . Pinealectomy impairs antibody-dependent cellular cytotoxicity, NK cytotoxicity and IL-2 production (Maestroni et al., 1986) . In addition, pinealectomy ameliorates the progression of autoimmune diseases such as collagen II-induced arthritis in mice (Hansson et al., 1993) .
In addition to mediating changes within the immune system, melatonin secretion is thought to be the neuroendocrine signal encoding photoperiod. Prolonged secretion of melatonin signals short daylength (that is, winter). Coincidentally, seasonal changes in the pattern of melatonin secretion influence the seasonal fluctuations in reproduction and immune status. For example, exposure to short daylength reduces testes mass and increases the proliferation of lymphocytes in male deer mice (Peromyscus maniculatus); administration of exogenous melatonin mimics the effects of short daylength on both reproduction and immune function (Demas et al., 1996) . Thus, changes in melatonin secretion that are induced by short daylength represent a logical proximate mechanism for seasonal changes in reproduction and immune function.
Conclusions
Variations in endocrine, neural and behavioural processes in relation to reproduction are well established. However, only recently has the immune system been studied empirically in this context. Immune function varies systematically with reproduction. It is hypothesized that changes in health and disease represent a complex interaction between the neuroendocrine and immune systems, and ultimately represent adaptations of an organism to changing environmental conditions. The findings discussed in this review indicate that extrinsic cues, such as social interactions, can alter immunological and reproductive processes and that many of these effects are due to changes in circulating hormones. Specifically, steroid hormones and melatonin appear to be highly involved in modulating trade-offs between reproduction and immune function. Social interactions can have pronounced effects on reproduction and immune function; however, the precise mechanisms mediating these complex effects remain elusive. As social interactions vary seasonally, the relationship between environmental and social cues in mediating seasonal changes in immune function requires further examination. Finally, it is proposed that individuals maintain the highest degree of immune function that is energetically possible within the constraints of an environment that fluctuates seasonally. During energetically demanding times, immune function is compromised, and these demands can arise from environment pressures, such as low temperatures or reduced food availability, or from social pressures, such as mate selection or competition. Animals have evolved mechanisms to cope with energetic trade-offs by reallocating energy in an attempt to maximize lifetime reproductive success.
